Cross-sectional and high-resolution transmission electron microscopy ͑XTEM and HRTEM, respectively͒ have been used to characterize ion-beam-induced amorphization of ␣-quartz irradiated with 1.5 MeV Kr ϩ ions at room temperature. The accumulation of damage and the growth of the amorphous layers in quartz were studied as a function of ion fluence up to 1.7ϫ10 14 ions/cm 2 . An amorphous band was first observed at the peak displacement damage range, and this region increased in width with increasing ion fluence. These results demonstrate that direct displacement damage by nuclear collision is more efficient than ionization processes in inducing amorphization in quartz. At lower fluences (р1.7ϫ10 13 ions/cm 2 ), the damage profile observed by XTEM is in excellent agreement with the distribution of displacement damage predicted by TRIM calculations. At higher fluences, the range of the amorphous band measured by XTEM exceeds the depth predicted by TRIM.
I. INTRODUCTION
Silica in its crystalline and amorphous forms has a wide spectrum of industrial applications in integrated optics and microelectronic technology.
1,2 For example, ␣-quartz has been used for fabrication of optical waveguides 3 and piezoelectric devices. 4 A fundamental requirement for optical waveguides in transparent materials is to define a region of high refractive index within a lower index material. Ion beam techniques have been applied to directly create the waveguide region by implanting chemical dopants to change the refractive index or by ion-beam-induced damage which lower the refractive index. 5, 6 The refractive index profile of a quartz waveguide has been studied as a function of He ϩ ion fluence. 7 Implantation of metallic ions such as Ti ϩ , Cu ϩ , Ga ϩ , and Ag ϩ into quartz substrates has been previously performed in order to form a conductive surface layer to resolve problems with packaging and hermetic sealing of a microsensor device. 4, 8 In this previous work, Rutherford backscattering spectroscopy channeling experiments ͑RBS-C͒ were extensively used to provide depth profiles of the implanted ions and radiation-induced damage zone, and these profiles were then compared to simulations from TRIM code calculations.
Amorphization can be induced by radiolysis or ionization in electron and light-ion irradiated quartz. [9] [10] [11] Amorphization can also be induced by displacement cascade processes by the heavy ion irradiation of quartz. 12, 13 For the energetic charged particles, energy loss is mainly through both ionization and elastic collision processes. The two types of energy loss of energetic ions in solids are both depth dependent, as is the damage distribution.
14 By comparing the energy loss profile with the actual damage distribution, the mechanism mainly responsible for the damage may be understood. Cross-sectional transmission electron microscopy ͑XTEM͒ is a necessary tool of the investigation of irradiation-induced damage because it provides a direct measurement of the damage distribution and detailed microstructural information on the damaged zone, such as the presence of amorphous regions and the size, density, and chemical nature of defect aggregates. The purpose of this article is to report on the formation and growth of the amorphous layers due to 1.5 MeV Kr ϩ irradiation in quartz at room temperature. We have characterized the accumulation of damage in quartz with increasing ion fluence using XTEM. The XTEM observations are compared to the TRIM calculations which provide the basis for the analysis of the results.
II. EXPERIMENT
Slices of ϳ200 m thick were cut from a single crystal of ␣-quartz parallel to the ͑1010͒ plane. The slices were polished to a 50 m in thickness using 9-30 m diamond films. The polished slices were then drilled into 3-mm-diam disks. Only the side of a quartz disk, later polished by 0.05 m colloidal silica, was irradiated by 1.5 MeV Kr ϩ ions. The irradiation was carried out at the HVEM-Tandem Facility at Argonne National Laboratory. This facility consists of a modified Kratos/AEI EM7 high-voltage electron microscope ͑HVEM͒ and a 2 MeV tandem ion accelerator. 15 The seven quartz disks for XTEM were irradiated with 1. ions/cm 2 for a maximum thickness ͑ϳ300 nm͒ that can be penetrated by 300 keV electrons during in situ TEM.
The cross-sectional specimens were prepared using the so-called T-tool technique which is a modified tripod polishing technique. 16 The irradiated surface of the disk was first glued to a silicon wafer. The glued specimen was sectioned perpendicularly to the irradiation surface and was then polished down to the thickness at which the silicon wafer became transparent ͑for yellow-orange birefringence, the thickness is ϳ1 m͒. The specimen was ion milled for surface cleaning and final thinning ͑ϳ4 keV Ar ϩ ions, 7°-9°s puttering angle͒. In this process, the silicon strip was used to monitor the sample thickness, as the color of the light transmitted through a silicon strip depends upon the silicon sample thickness as well as the type of light source. 17 Because of the minimal ion-milling time ͑20 min or less͒, artifacts arising from lengthy ion milling can be avoided. Most of the TEM analysis was performed using a JEM 2000FX microscope. High resolution transmission electron microscopy ͑HRTEM͒ analysis was performed using a JEM 2010 microscope with a Gatan® 694 slow scan charge coupled device camera. Both microscopes were operated at 200 keV.
The distribution of atomic displacements per ion and energy loss due to ionization are shown in Fig. 1 as functions of depth. The results were calculated using TRIM-95 ͑full cascades͒, 18 and a displacement energy of 10 eV for both Si and O in quartz.
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III. RESULTS AND DISCUSSION
XTEM micrographs ͑Fig. 2͒ show the early stages of damage accumulation in quartz. In all the micrographs, the specimen surface shown in the upper part of the picture is covered by the epoxy and the depth scale can be easily deduced.
A damage zone forms ͓Fig. 2͑a͔͒, after a fluence of 1.7 ϫ10 12 ions/cm 2 ͑ϳ0.01 dpa at the peak depth͒. The damage layer lies at a depth of 550-850 nm below the surface, corresponding to the peak displacement depth. The microdiffraction pattern of the damage layer reveals two diffuse rings, overlapping the sharp diffraction maxima, indicating the presence of amorphous volumes embedded in the still crystalline matrix. This is confirmed by the corresponding HRTEM image ͑Fig. 3͒. The image shows amorphous re- gions embedded in the crystalline matrix, suggesting that amorphization of Kr ϩ -irradiated quartz occurs through a heterogeneous displacement process instead of a homogeneous process, by which a gradual increase of point-defect concentration leads to a gradual change in image characteristic from that of a perfectly crystalline to an aperiodic material. 19 The homogeneous mechanism consists of a structural relaxation process of a highly damaged quartz matrix, triggered by a critical point defect concentration. 20 In contrast, the nearsurface portion of the cross section, corresponding to the region with maximum electronic energy loss, is mostly crystalline as evidenced by both XTEM ͓Fig. 2͑a͔͒ and HRTEM images ͑Fig. 4͒. Individual strain centers appear in the crystalline matrix. This type of strain center has been reported in electron-irradiated quartz and coesite ͑a high-density polymorph of SiO 2 ) for which ionization is the dominant amorphization process. [21] [22] [23] The strain centers formed at the initial stage of electron irradiation can be nucleation sites for amorphous areas. 22 This indicates that the damage in the upper portion of the cross section is indeed dominated by ionization processes. As shown in Fig. 1 , the dominant energy loss is by ionization at the near surface portion of the specimen. The collisional displacement profile for quartz ͑using density 2.65 g/cm 3 ) reaches its peak at a depth of 500-800 nm and ends at a depth of 950 nm. The damage profile observed by XTEM is in excellent agreement with that for the displacement damage predicted by TRIM calculations for quartz. XTEM results indicate that direct displacement by nuclear collision is more efficient in inducing amorphization in quartz than the ionization process.
At a fluence of 8.5ϫ10 12 ions/cm 2 , a continuous amorphous layer has developed from the previously formed damage layer at a depth of 600-800 nm ͑ϳ0.04 dpa at the peak displacement range͒, as shown by Fig. 2͑b͒ . After a fluence of 1.7ϫ10 13 ions/cm 2 , the amorphous layer has grown toward the surface, and it spans across a depth range of 400-900 nm, with the presence of a crystalline-dominated zone on the near-surface portion of the specimen ͓Fig. 2͑c͔͒. The displacements per atom is 0.07 for the peak displacement range ͑400-900 nm͒, while it is only 0.03 for the nearsurface range ͑0-400 nm͒. The amorphous layer is homogeneous in image contrast, lacking of diffraction contrast from local bending, and is confirmed by the diffraction halo pattern and HRTEM imaging. The interface between the amorphous layer and the upper crystalline zone is not sharp ͑Fig. 5͒. Furthermore, the top zone is not perfectly crystalline. The lattice fringes are discontinuous or twisted and exhibit mottled contrast as shown by Fig. 5 , which may be due to a high concentration of point defects or the presence of small amorphous volumes. As compared with Fig. 4 taken at a lower fluence, the lattice fringes show ''fuzzy'' contrast in the matrix. This suggests that amorphization may also proceed in slower homogeneous manner when ionization dominates the near-surface region.
The present XTEM results are consistent with the RBS-C measurements on ion-beam-induced amorphization of quartz by Harbsmeier and Boise. 24 There is a critical fluence at which a buried amorphous layer formed. At higher fluences, the continuous amorphous layer grows toward the surface and into larger depths. Figure 6 presents a set of XTEM micrographs showing that amorphization proceeds toward both the top surface and the interior regions of the quartz crystal under continued irradiation at room temperature. After a fluence of 3.4ϫ10 13 ions/cm 2 , the amorphization front is at a depth of ϳ950 nm, and the upper crystalline portion of the specimen that was observed at a lower fluence ͑e.g., 1.7ϫ10 13 ions/cm 2 ), has been fully amorphized ͓Fig. 6͑a͔͒. The fluence is 0.06 dpa at the near-surface region and 0.14 dpa at the peak displacement depth. For comparison, the prethinned TEM sample was amorphized at a relatively higher fluence (ϳ1.2ϫ10 14 ions/cm 2 ) as indicated by in situ TEM. However, the XTEM results indicate that a surface layer ϳ950 nm in thickness is fully amorphized at a relatively low fluence (3.4ϫ10 13 ions/cm 2 ). During the in situ experiments using the HVEMTandem Facility, a 1.5 MeV Kr ϩ ion beam was used to irradiate the specimen, and a 300 keV electron beam was used for the in situ TEM observations. Thus, the effect of concurrent irradiation with electrons on ion-ionization-induced amorphization should be considered. The concurrent effect of electron irradiation on ion-induced amorphization has been observed to retard ion-induced amorphization in Si crystals. 25 Electrons of low energy may retard the process of ion-induced amorphization through ionization-enhanced point defect diffusion and recombination. 26, 27 Also, a free surface may act as a sink for point defects. Therefore, a higher critical fluence for ion-induced amorphization of the thin foil specimen is to be expected.
With the ion fluence increased to 5.1ϫ10 13 ions/cm 2 , the amorphization front has moved to a depth of ϳ1100 nm below the surface. After a fluence of 8.5ϫ10 13 ions/cm 2 , the amorphization front is at a depth of ϳ1250 nm ͓Fig. 6͑b͔͒. With a fluence up to 1.7ϫ10 14 ions/cm 2 , the amorphization front had extended to a depth of nearly 1400 nm ͓Fig. 6͑c͔͒. Data in Fig. 6 indicate that with increasing ion fluence, the amorphous layer may extend into the deeper regions of the quartz crystal, far beyond the damage range predicted by the TRIM calculations ͑Fig. 1͒. The range ratio of the theoretical an the XTEM measured values, R XTEM /R TRIM is close to 1 for the quartz irradiated at lower ion fluences (р1.7ϫ10 13 ions/cm 2 ). In this case, the upper portion of the cross section for the quartz crystal is not fully amorphized. However, for high ion fluences ͑e.g., 1.7ϫ10 14 ions/cm 2 ) R XTEM /R TRIM increases to ϳ1.5. Arnold has completed systematic range measurements for 250 keV ions at 1ϫ10 16 ions/cm 2 on quartz using optical microscopy and Rutherford backscattering. 28 Arnold found that there is a threshold value for collisional energy deposition at which the effective or extended damage depth begins to markedly exceed the TRIM values. As the XTEM results shows ͓Fig. 6͑a͔͒, complete amorphization is reached within the TRIM calculated range, 950 nm, at a fluence р3.4ϫ10
13 ions/cm 2 . The change in density of quartz, from 2.65 g/cm 3 for ␣-quartz to about 2.25 g/cm 3 for amorphous silica (a-SiO 2 ), is caused by amorphization. The damage profile was then recalculated using TRIM-95 assuming a density of 2.25 g/cm 3 for a-SiO 2 with an ion fluence у3.4ϫ10 13 ions/cm 2 . A shown in Fig. 1 , the calculated damage range now shifts to a depth of ϳ1200 nm. However, our XTEM results indicate that the amorphization depth still exceeds the TRIM predicted value in a-SiO 2 . The discrepancy in the damage range between the XTEM and TRIM results may be explained by the effect of irradiationinduced stress as suggested for ion-irradiated glasses by Arnold et al. 29 Large strain fields may be produced at the crystalline-amorphous (c -a) interface due to the volume expansion in the amorphous material. The dark contrast indicate that a large gradient of stress exists in the deeper crystalline region close to the interface ͑Fig. 7͒. Plastic or viscous flow can be produced during ion-irradiation-induced amorphization. [30] [31] [32] [33] Some part of energy may be transported beyond the end-of-range along the stress gradient through point defect diffusion. Thus, ion implantation in glasses including amorphous silica, produces structural modifications at depths greater than those of the implanted ion range. 29 The existing c-a interface may play an important role in causing the extension of the amorphous layer into the undamaged, underlying region of the crystal. Pre-existing c-a interfaces can act as nucleation sites for amorphization leading to amorphous layer growth in Si ͑Ref. 34͒ and coesite. 35 The discrepancy in the damage range between the XTEM and TRIM results may be also explained by the dimensional change caused by the irradiation. The relative dimensional change has been reported to be ϳ10% for quartz FIG. 6 . XTEM micrographs showing continuous growth of the amorphous layer with increasing ion fluence at 300 K; ͑a͒ 3.4ϫ10 13 31 Mechanical surface profiling has revealed that large compressive stresses ͑ϳ1.5 GPa͒ build up at the low fluences for which the amorphous layer has not extended to the surface. 24 The stresses are released at higher fluences after the amorphous layer extends to the surface. The stress release is accompanied by a significant reduction of the atomic density by ϳ19%. 24 The surface profile measurement of quartz irradiated with 50 keV Na ϩ at a fluence of 1ϫ10 15 ions/cm 2 showed that the volume swelling occurred vertically. 24 In the case of 1.5 MeV Kr ϩ -induced amorphization of quartz, the damage range predicted by TRIM is ϳ1200 nm. Assuming 10% dimensional change, then the damage range is expected to be ϳ1320 nm which is close to the XTEM measured value for a fluence of 1.7ϫ10 14 ions/cm 2 , ϳ1400 nm. In contrast, large compressive stresses build up at lower fluences (Ͻ3.4ϫ10 13 ions/cm 2 ), and the dimensional change is insignificant when the amorphous layer has not extended to the surface. Thus, the damage range predicted by TRIM is consistent with the XTEM measured value.
IV. CONCLUSIONS
XTEM and HRTEM have been successfully used to study the damage formation and growth of amorphous layers in ␣-quartz by 1.5 MeV Kr ϩ irradiation at room temperature. ͑1͒ A damage layer is first induced at a depth of 550-850 nm corresponding to the peak depth of the displacement damage. The amorphous regions embedded in the damage layer are formed through a displacement damage process. In contrast, ionization dominates the near-surface region. With increasing ion fluence, a continuous amorphous layer developed from the previously formed damage layer, and this region grows toward the sample surface until the top zone becomes completely amorphous at a fluence of 3.4ϫ10 13 ions/cm 2 . ͑2͒ The damage profile observed by XTEM is in excellent agreement with that of damage predicted by TRIM calculations at a fluence Ͻ3.4ϫ10 13 ions/cm 2 at which the amorphus layer has not extended to the surface. Direct displacement by nuclear collision is more efficient in inducing amorphization than the ionization process.
͑3͒ With increasing ion fluences, up to 1.7ϫ10 14 ions/cm 2 , the amorphous layer measured by XTEM extends steadily deeper into the quartz crystal until reaching a depth of ϳ1400 nm. This exceeds the TRIM predicted value, ϳ1200 nm in a-SiO 2 ͑with a density of 2.25 g/cm 3 ). If 10% of the dimensional change caused by the relaxation process of the compressed amorphous phase is considered, then the damage range is expected to be 1320 nm, close to the XTEM measured value ͑ϳ1400 nm͒.
